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ABSTRACT

Observational evidence is provided for the occurrence of
anomalous winds which represent an anticyclonic rotation in space,
‘and a mechanism for their development is suggested. ¢

The unstable nature of these winds and the role they play in '
the development of certain types of atmospheric disturbances is
then discussed, and it is suggested that anomalous winds provide
the dynamic mechanism for triggering hurricane formation and for
the observed deepening of troughs downstream from intense pressure

ridges.

Finally it is noted thdat although the observational evidence
presented is for the occurrence of anomalous winds over small
regions of the atmosphere, their developiment is dependent on
large-scale processes and their effect extends beyond the area
where they occur,

1. INTRODUCTION

The gradient wind equation is a quadratic and thus has two solutions.
One of these solutions, appropriate to anticyclonic flow » represents a
clockwise rotation in space and is, therefore, in the opposite sense to the
earth's rotation. Meteorologists have traditionally given little attention
to this solution and some even consider it as an algebraic accident with
little or no physical significance.

Although there are cogent reasons to believe that winds corresponding to
this solution do not occur on a large scale, the contention, ipso facto, that
this solution is of no importance is not . ustified and has proba:b;l.y had far- |
reaching effects in eliminating from consideration some promising avenues of
research in connection with the development of atmospheric disturbances.

In recent years, the importance of meso-scale atmospheric motion has
been amply demonstrated. The purpose of this paper is to provide observa-
tional evidence that, on this scale, these so-called "anomalous" winds occur
more frequently than has been suspected.



In addition, the paper purports to show that the occurrence of these
winds is germane to the development of dynamic instability in curved airflow
and, as such, is relevant to the development of certain types of atmospheric
circulations.

2. ELEMENTARY DYNAMICS OF ANTICYCLONIC MOTION

To introduce the problem, we shall review some elementary aspects of the
dynamics of anticyclonic motion.

The gradient wind equation may be written:
Ktv?' +IV =1 (1)

where Kt = l/Rt = trajectory curvature considered positive for cyclonic

motion; V = magnitude of the horizontal wind; £ = Coriolis parameter; and
b = -agﬁ = pressure gradient force. From (1)

£ Ktbn
V-"-'--.yt(l"'t l'*'?") (2)

Since V must always be positive, the solution with the plus sign has a
physical meaning only when Kt is negative; i.e., when the flow is anticyclonic.

We shall confine our discussion to anticyclonic flow and put K' = 'Kt’
The two solutions of equation (2) reduce to:

f K'tbn
V1=-2—K—,-;(l- l-—;é-) (3)
and
K'.b
£ t
V2=W;(l+ l-an) (%)
From the above equations it can be seen that '
e ,
‘ emgm——
and
£
2> v, (6)

"We differentiate equation (1) with respect to V

a_
AL (n

and note that dbn/d.V can be zero; i.e., b has an extreme value if K, is
negative. This value is reached when



- P £
, 21(1; 't
and represents the maximum value
fz 2
f :
Pa = " B, <K (9)

vhich the pressure gradient can attain in anticyclonic motion. -

Figure 1 shows the variation of V with b in accordance with equation (1)
It is seen that the two solutions meet at f/2K' when' the pressure gradient
is at its maximum value f /hl(' From this point » the two solutions V. and

1

V,, corresponding respectively to equations (3) and (4) branch out. v, de-

creases with decreasing pressure gradient and vanishes when the latter be-
comes zero.

This corresponds to the conditions normally observed in the atmosphere.

We shall therefore term Vl the normal solution of the anticyclonic gradient

wind equation. V2 » on the other hand, increases with decreasing pressure

gradient and at bn = 0 reaches the value Vl = £/K' % and the flow becomes

inertial. Following Gustafson [5], we shall term V2 the anomalous solution.
Figure 2 shows the variation of the gradient anticyclonic wind with tra-
Jectory curvature, assuming a constant pressure gradient. It is seen that,
in contrast with normal anticyclonic winds which increase with increasing
curvature, anomalous winds show a sharp decrease with increasing curvature.

As mentioned in the Introduction, meteorologists in general have attributed
little importance to the anomalous solution on the basis that it is seldom,
if ever, realized in the atmosphere [4] or that its occurrence is limited to
small-scale mechanically produced vortices, or to atmospheric eddies produced
by friction [9]. The standard arguments in support of this view are usually
some variation of the following:

a. The anomalous solution requires & clockwise rotation in space and,
therefore, in the opposite sense to that of the earth. There is no known
mechanism capable of producing such a motion on a large scale.

b. By expanding the quantity under the radical sign in eq_u.a.tions (3) and
(%), we obtain

4 'tbn '12:bn2 ) bn K'tbn2
v = e—— [1 - (l - - + o0 ] = emwe + + eoe (10)
1 2K', £° 1}4 £ ;

and
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oK' b 2K'%p b K'.b
by t n t™n f n tn
V. = comeee [1-’- (l - - 4 ...)] S emmme . e - + cos (n)
2 2K't f2 fu K't £ E3-

Vl is thus continuous when the curvature decreases indefinitely and the iso-

bars are nearly straight. On the other hand, for indefinitely small curva-
ture, V2 becomes infinitely large and would require an infinite supply of en-

ergy, which is not available in the atmosphere [4].

3. OBSERVATIONAL EVIDENCE FOR THE OCCURRENCE
OF ANOMALOUS WINDS

While the arguments presented in ‘the preceding section strongly indicate
that anomalous winds are not likely to occur on a large scale or in the vicin-
ity of straight isobars, the possibility remains that these winds occur in
limited regions where the flow is curved. Gustafson [5] has provided indirect
evidence that anomalous winds do occur by comparing observed winds with geo-
strophic winds and applying the following criteria which follow directly from
equations (5) and (6) above:

V) £ &V, cos (Y- qg) (12)
and ,
v, = 2Vg cos (¥ - "Ifg) (13)

where Vg is the geostrophic wind speed and ¥ and '-l’g denote respe.ctively the

direction of the observed and geostrophic wind measured clockwise from due
east.

Since the summer of 1956, the National Hurricane Research Project (NHRP),
U. S. Weather Bureau, has been operating three specially instrumented air-
planes to make detailed observations in and near hurricane cores. A discus-
sion of the characteristics and properties of the instrumentation was given
by Hilleary and Christensen [8] and will not be repeated here. Among the most
successful missions flown were those in connection with hurricane Daisy which
- developed near the Bahamas on August 24, 1958. This hurricane had a well-
defined and concentrated wind circulation and presented a clear-cut radar con-
figuration which greatly facilitated the location of the storm core. Flight
missions were made at different levels on four days from August 25 to August
28, 1958. Among the elements measured were the wind, the temperature, and the
radio and pressure altitudes. Quasi-instantaneous values of these parameters
were punched on cards at specified intervals ranging from 10 seconds away from
the core, to 2 seconds in the core. The punch cards were then evaluated by
machine processing and the various parameters were plotted on a coordinate
system fixed with respect to the storm center.

Figures 3, 4, and 5 show the wind field obtained by analyzing the obser-
vations made in the upper troposphere on August 25, 26, and 27. In making
these analyses, it was necessary to regard as quasi-simultaneous, observations
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which, in fact, were made over a period of several hours. It is » however, be-
lieved that this shortcoming does not invalidate the ‘results obtained.

From the wind fields thus obtained, values of the speed and direction
were plotted on a rectangular grid of points 20 nauticel miles apart. From
these, computations of the quantity 2VKt were made on the IBM 650 Computer.

The curvature of the trajectory Kt was computed from the following relations:

If u and v are the westerly and southerly components of the wind, and if
we define

¥ tan™t 3 (14)
then .
Kt=-g=cosa'i’(:2%-%% .
= 1-‘:.2. E.v 8 | (15)
1l av du

If the motion of the storm is represented by the vector ? with components c,
and cy in the east and north directions, respectively, and if we assume steady
state conditions,

1 > D —> > 3
Kt=-‘-,—3-[u(v-c)°VV-V(V-':)'Vu] (16)

,=;_J;3{u[(u - c.) %"-ﬁ- (v - cy) %]-V[(u -c) g;u + (v - cy) %]}

Figures 6, T, and 8 represent fields of the quantity 2Kt V= 2V/Rt

corresponding to the wind fields of figures 3, 4, and 5 » respectively.
Regions where this quantity is negative and numerically greater than the

'Coriolis parameter, i. e., areas where the winds are anomalous, are shaded.
. The consistency of the patterns of these areas from day to day attests to

their authenticity and demonstrates beyond any reasonsble doubt that anomalous
winds do occur. It will be noted, however, that the areas covered by these
winds represent narrow strips of the order of 1 to 2 degrees of latitude in
width, and are, therefore, likely to escape detection by ordinary synoptic
analysis. - In addition, the vertical extent of these winds is also limited,

as can be noted from the fact that they are not found in figure 9 which repre-
sents the field of 2V/R_ a few thousand feet below that of figure 6. This is
perhaps the reason why ﬁeteorologists in general have failed to realize both
the reality and importance of these winds. The latter stems from the fact
that they represent an important mechanism for the development of atmospheric
instability as we shall now proceed to show.
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Figure 6. - Field of the quantity 2V'/Rt at 35,000 feet (pressure altitude, U.S.

Standard), around hurricane Daisy on August 25, 1958. Areas with anoma-
lous winds are shaded.

L4, THE CONCEPT OF INSTABILITY OF ATMOSPHERIC MOTION

The concept of instability in the atmosphere appeared with the initial
developments in the theory of atmospheric disturbances. As early as 1878,
Iord Rayleigh [11] investigated conditions under which small displacements at
the boundary between two air streams grow into larger disturbances. At about
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Figure 7. - Seme as figure 6, for August 26, 1958.

the same time, Helmholtz [6] found that, under certain conditions, unstable
gravity waves developed at the interface between two liquids of different den-

sity and velocity. The above studies culminated in the polar front theory of
cyclone formation.

Paraelleling the above studies, another series of investigations, begin-
ning with those of Helmholtz [7] and Rayleigh [12] attempted to link instabil-
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Figure 8. - Same as figure 6, for August 27, 1958, at 34,200 feet (pressure
Altitude, U, S. Standard).

ity in air currents with the quasi-horizontal distribution of the kinematic
properties of the currents. This type of instability is usually known as dy-
namic instability.
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Figure 9. - Field of the quantity 2V/Rt at 15,600 feet (pressure altitude,
U. S. Standard), around hurricane Daisy on August 23, 1958.

In recent years, attention has been redirected to still amother type of
instability known as baroclinic instability. This type of instability, the
importance of which was first pointed out by Margules [10], occurs by virtue
of the vertical wind shear. _



1y

There is little doubt that the above three types of instability all play
an important role in the atmosphere and there is an obvious need for a unified

theory which combines them and brings out their relative importance and their
interrelations. : :

In the absence of such a theory, we must consider the particular type of
instability which appears to have the most direct bearing on the problem at .
hand. In the present case » the importance of anomalous winds ig best demon-
strated by studying the circumstances attending the development of the so-
called dynamic insta.bility, with especial reference to atmospheric currents
in curved motion.

J. DYNAMIC INSTABILITY IN CURVED AIRFLOW

In 1936, Solverg [14] investigated the conditions under which dynamic
instability occurs in a steady symmetrical polar vortex which is initially
in gradient equilibrium. Solberg's approach may be extended to any steady
vortex in which the tangential variations of the wind are regligible in com-
parison with those in the radial direction.

Let us then consider such a vortex in which the angular speed w is a
function of the distance R from the axis of rotation. We shall proceed by the
standard method and impose a small perturbation on this steady vortex and find
out the circumstances under which the frequency of the total perturbed motion
becomes imaginary. ’

If we disregard friction » We can express the equilibrium of forces acting
on the steady vortex by the following equation,

V> 2qvs
?R+7R'°ﬁ+g=0 (17)

where V is the magnitude of the speed, f)the earth's rotation, © the poten-
tial temperature, £ the gravity vector, and ’ P

. ( ﬁa.)R/cp

Let us now apply a uniform radial impulse to all the particles at dis-
tance R' from the axis so that at the time t = t the particles form another
circle with radius R. We stipulate that at any instant, the perturbed par-
ticles immediately acquire a pressure equal to that of the points which they
are occupying at that instant. We further assume that the perturbed particles,
in their displacement over & small distance S from their equilibrium position

conserve both their potential temperature @' and their absolute angular momen-
tun M'_ = V'R +QR'2 g0 that
06-90=5 -0

and (18)

Ma-M'a=§' ’Wa



e G— e

15

In addition to the forces indicated iz equation (17), the perturbed

particles sustain an acceleration d2 / at? so that their motion is determined
by the equation

>
2S 2,

d v 2nv' > >
— —é—R R-O'a+g=0 | (19)

From equations (17) and (19), we obtain by subtra.ction -

t2->

Voo vl o (Veavt)*2va (8V)2 (21)

vhere 8V =V - V'is a prerturbation quantity, the square of which may be neg-

lected. Equation (20) thus becomes

2>

a“ s 2 > =

:1—5--[ﬁ(au-.ﬂ.)(V-V')]R-l-(G-O')Vn:O (22)
. .

We now express the above equation in terms of the conservative quantity M
and make use of the relations in (18); we obtain
2
>
L5 (2 (e+vn)(S- V“a) + 2 (P 300+ 20. %)) R
dat R

c G- BYVr =0 ... - (23)

If the perturbation is very small compared to the dimensions of the

vortex, i. e. if R-R'/R &= 10'1, the term in SR in the above equation may be

neglected and we finally have

2* —
_t?-[;(w+n)(s VM)]R+(S Vo)V:::o (24)
a

Let us assume that the displacement S is proportional to a function of

the form eiyt and project equation (24) along two orthogonal directions: one

corresponding to the vertical and the other to a radial direction. If the
components of S along these directions are given by z and r, respectively,
the projections of equation (24) along these directions are:

2w oM
yaz-—f—r(rya+z&3)+%(r§+zg%)=o
and (25)

BM oM

where ® denotes the absolute rotation (w + £1).
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For nontrivial values of r and z, the determinant of the above system
of linear equations vanishes and we obtain

az &\ -
( R or R az)]

w4 » [( 5% Y )+

oM bM
z On a.r on a 00
O R NS E-ER) -0 (26)
Examining the order of magnitude of the various terms in equation (26),
we find that
Ot 30 , O —
252 ¢ é-;r:ag v:t' Vezloh
; oM oM - >
' 2 a a > 1n=8
'ﬁ(wa.zrr = %ar S-z—) -20 vaa~10 27)
2o, B 5“)(8"“3"-3”& %,
: R ‘Yaz 5_ ar or ° ‘0z or dr oz’
| - > => > -
* Vx) (Ve * Ux v, )x10712

| Solving for )'2 and neglecting the last two terms of (27) in comparison
with the first, we have

2 = .
== Vn « {6 (28)
_ The value of this root is determined mainly by the static stability
| dn % _ g0
* “3z9z 09z (29)
i The second root }'22 is obtained by dividing the third term of (27) by
. 2
?’ . )’l . Thus,
' g‘((.l) +(D Bn)(aMa.BO aMa.BO)
32 _ R_az 3z S’ 32— 3r " 3r oz (30)
2 = %0

The above equation will be greatly simplified if it is projecf,ed on an
isentropic surface so that 09/dr vanishes. In addition, since the angle be-
tween isobaric and isentropic surfaces is generally small, (dn/dr) =~ O and

2 ->
»Z - tew, (V x ], (31)
Equation (31) is identical with Solberg's results for the polar vortex
and states that the square of the frequency of the second root is equal to
twice the product of the absolute rotation of the vortex and the vertical
component of the absolute vorticity, as measured on an isentropic surface.
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If we now use a relative frame of reference fixed with respect to the earth,
we have

2=[(§2{-+r) (¢ + 0], - (32)

Since we are considering a steady vortex, the streamlines coincide with the

trajectory and R = Rt' The frequency )’2 becomes imaginary and the motion

unstable when
LR+ 0) L+ 0], <o (33)

In other words, dynamic instability occurs with normal winds provided
the absolute vorticity, as measured on an isentropic surface, is negative.
Alternatively, instability occurs with positive absolute vorticity provided
the wind, as measured on an isentropic surface, is anomalous.

The above criterion is identical with that obtained by Van Mieghem [15].
The latter, however, did not envisage the possibility of the occurrence of
anomalous winds and, therefore, equated the condition for the release of dy-
namic instability with the occurrence of negative absolute vorticity.

It should be noted that, according to the theory of equations, the
second root may be obtained by subtracting ')’ from the negative value of the

coefficient of)« in equation (26). If we then neglect the vertical wind
shear oM /az 0, we have

¥e=(E+n (e (34)

which is similar to equation (32) except that the quantities are now measured
on a level surface. Equation (34) is identical with the criterion for dynamic
instability obtained by Sawyer [13].

Physically, the operation of the above criterion may be visualized by
studying the balance of forces on an anticyclonic vortex which is initially
in gradient balance. Let a particle be given an impluse toward lower pressure.
If the flow is unstable, the particle tends to continue in the direction of
the impulse. There are two cases to consider:

CASE I: Instability with Normal Winds.

If the winds are normal, there is instability if the pressure gradient
along the path of the particle increases at such a rate that the speed of the
particle remains subgradient. This would require a rapid outward increase in
anticyclonic rotation or a rapid decrease in cyclonic rotation expressed by
the inequality

1 .
ﬁg; (VR)JQ <-f (35)
CASE II: Instability with Anomalous Winds.

From figures 1l and 2, it is seen that if the wind regime is anomalous,
the speed increases with decreasing pressure gradient and trajectory curva-
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ture. Therefore, if the trajectory curvature of the particle remains constant,
the pressure gradient along the trajectory should decrease at a fast rate;
otherwise, the speed of the perturbedparticle will eventually reach a speed

greater than that appropriate for gradient equilibrium and its acceleration
will be checked.

\ Actually, however, the trajectory curvature decreases as the particle

. moves toward lower pressure. Therefore, instability can occur with a slower

; rate of pressure gradient decrease or, if the curvature decreases rapidly, in-
stability can occur even with a slow outward increase of the pressure gradient.
- Equation (33) states that the motion is unstable so long as the combined ef-:

3 fect of the change of wind speed and curvature is such that

| £ (W1 > -t (36)

6. A MECHANISM FOR THE DEVELOPMENT OF ANOMALOUS WINDS

An insight into the manner in which anomalous winds develop may be gained
by considering the circulation theorem of Bjerkmes which may be written{9]:

if& &, ,qdZ

at - a&t at
" (37)
dl- P

- >
C = § Va * or = absolute circulation around a closed curve Q.
Q
> o
= § V. 6r = relative circulation around the same curve.

X = the equatorial projection of the area within the curve Q.

e - p = the number of pressure-volume solenoids enclosed by the curve Q.

: A comparison of figures 6, 10, and 1l indicé:bes that there are few sole-
ndids at the level and location where the anomalous winds occur. We may,
therefore, set

ac ax _
It + 2.0..-67;- =0 (38)
or
. C + 2Q.% = constant (39)

If we approximate the hurricane to a simple circular vortex, the circu-
lation at a distance R from the center is

¢ = 2nR°0 (k0)
and

x= 1R sin ] , (%1)
where ¢ is the latitude.
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Substituting the above values of C and & in (39), we obtain
R® (o + ﬁ-z) = constant (%2)

woence it can be seen that, in a circular vortex » disregarding the solenoid
term in equation (37) is equivalent to assuming conservation of absolute mo-
mentum - a concept which is known to be applicable to upper-level hurricane
circulation. : : N

According to equation (42), if the vortex has horizontal convergence, the
circles contract and o increases. If, on the other hand, the eircles expand
as a result of horizontal divergence, w decreases. In this case » in order
that o should decrease sufficiently so that

m+-Q-z-’0

L3)
v . £ >0 : (4

R
R must approach infinity. Since the expansion cannot proceed so far, we con-
clude that the anomalous winds in figures 4, 5, and 6 were not produced by a
symmetrical horizontal divergence of the air particles which arrived at -these
higher levels by ascent in the core of the storm. Another mechanism must be
sought to account for their occurrence. :

i.e. ’

From figure 1 it is clear that a change of regime from normal to anoma-
lous winds would be more difficult to accomplish if the pressure gradient
force is much lower than the maximum value £2/ LK .t » since this would require

& big jump in the wind speed. If, however, the pressure gradient is nearly
equal to the maximum, a comparatively small impulse would be sufficient to

shift an air particle from the lower to the upper branch of the V curve of

figure 1.

Iet us visualize initial conditions characterized by an anticyclonic air
stream in gradient equilibrium. In figure 12, let A be the equilibrium posi-
tion of a particle in this stream. Now let us visualize that the equilibrium
is disturbed by an increase in the pressure gradient brought about, for in-.
stance, by an interaction between tropical and extratropical pressure systems.
Two cases may be discussed:

CASE A:

The increase of the pressure gradient force is from P to Pl, i. e., the
resulting pressure gradient force is well below the maximum

2 t
£7/4K" .

The wind, having become subgradient, the particle turns toward lower
pressure and accelerates. Having reached the equilibrium speed B » unless there
is considerable damping, the particle may slightly overshoot this position to

Ble It then oscillates with decreasing amplitude about the equilibrium posi-

tion until balance is finally reached at B.
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Figure 12, - I1lustrating the development of anomalous winds (see text).

CASE B:

'.l;he increase of the pressure gradient force is from P to Pa; i.e., the
increased pressure gradient force is nearly equal to the maximum value fz/hK' £

In this case, the speed of the accelerating particle, by overshooting the
equilibrium position, may reach the value B3 which is in excess of the criti-

cal speed f/alc_'_'t. Whereas at }32 the speed of the particle is supergradient,



25

at B it is subgradient for the same pressure gradient. Thus, by overshooting
the gritical speed, the particle is henceforth constrained to move toward
lower pressure and sustain further acceleration unless the distribution of the
wind field along its path is such that the absolute vorticity is negative; in
this case the motion will be stabilized in accordance with equation (33).

T. EXAMPLES OF SITUATIONS IN WHICH
ANOMALOUS WINDS PLAY A ROLE

In a previous paper [1], the author suggested from theoretical considera=
tions that the occurrence of anomalous winds in the manner described above
provides a mechanism for triggering hurricane development. Details concerning
how this is brought about and some observational evidence to this effect are
given in a separate paper |2] and are beyond the scope of the present study.

Here we would suggest that, in view of their essentially unstable nature,
anomalous winds must play an important role not only in hurricane formation
but also in other types of atmospheric development, especially those which
occur downstream from a pressure ridge which has undergone marked intensifica-
tion, or those accompanying the superposition of strong westerly winds on the
crests of the long waves. '

A case in point is that discussed by J. Bjerknes [3] linking the deepen-
ing of a wave trough with a strong intemsification of the ridge upstream from
it. Specifically, Bjerknes suggests that if the ridge intensifies so that the
curvature of the contours exceeds a critical value &

2
£ £
T (L)
n 8

where V g denotes the geostrophic wind, the air particles cannot follow the

contours and must perforce flow toward lower pressure and accelerate. This
acceleration results in supergradient winds which then curve back to higher
pressure, the net results being a deepening of the trough downstream from the

ridee.

Now that the likelihood of the occurrence of anomalous winds in situations
analogous to that described above has been demonstrated, the deepening of the
trough may be looked at in a new light. Let us suppose that the wind becomes
anomalous as & result of the strengthening of the pressure gradient to a value
near the maximum possible for anticyclonic flow, and let us follow the tra-
Jectory of a particle situated at the Point A in figure 13, where the wind
changes regime and becomes subgradient in the manuner discussed in the previous
section. As a result, the air particle moves to lower pressure and acceler-
ates. In doing so, its curvature decreases, as can be seen from the figure.
Unless the pressure gradient along the trajectory increases rapidly, the pro-
gressively decreasing curvature requires an increasingly stronger speed for
balanced motion (see fig. 2) and the particle, therefore, continues to accel-
erate. However, if the curvature vanishes so that the particle follows a
straight trajectory, the wind instantly becomes supergradient and the particle
must curve back to higher pressure. In the mean, the particle must, therefore,
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Figure 13. - Illustrating the cyclogenetic effect of anomalous winds. The
dashed curve represents the probable trajectory of an air particle after
its speed changes to the anomalous regime at the Point A.

follow a slightly anticyclonic trajectory and is constrained by the geometry
of the pressure distribution to curve back to higher pressure, as shown by
the dashed curve in figure 13. Thus, by stipulating the occurrence of anom-
alous winds, we arrive at the same ultimate result as Bjerknes did by exclud-
ing their occurrence.

8. CONCLUSION

Although the observational evidence presented here is for the occurrence
of anomalous winds over small regions of the atmosphere, it is significant to
note:

a. That their occurrence may be dependent on large-scale pProcesses,
such as those involving the intensification of pressure ridgesror the latitu-
dinal shift of the westerlies; and

b. That their effect extends beyond the area where they occur.

The fact that these winds can occur only in anticyclonic motion again
demonstrates the vital regulatory role of the high pressure regions in de-
termining the state and motion of the atmosphere.
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